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SUMMARY

This final report summarizes our studies of the mechanisa(s)
of action of radioprotective aminothiols. Using cultured Chinese
hamster ovary (CHO) <cells ve have accumulated detailed
structure-activity relationships describing the relative effects
of a series of thiols on cell survival, DNA single-strand break
(SSB) induction and repair, DNA double-strand break (DSB)
induction and repair, and on the induction .ot chromosome
aberrations. Because of the considerable current interest in.the
seasuresent of DSBs ve have studied DSB induction in some detail.
During the course of this contract, five compounds vere
characterized using these various assays: dithiothreitol,
cysteamine, VR-1065, WVR-255591 and VR-151326. Based on these
data ve have been able to wmake some conclusions about the
relationship betveen structural features and prolective
sechanism(s). The wmost intriguing observation is that the
moiecular processes underlying radioprotection vary markedly wvith
the changes in thiol structure, suggesting in turn that there is
no single "mechanisa® of ‘protection. Each of the drugs had a
differential effect on the induction of different classes of DNA
lesion, and this behavior varied among the drugs. Hovever, of
these various lesions, the indyv tion of DSBs appears to closely
predict the resulting effect of a drug on cell survival
independently of the thiol structure. Studies have also been
perforsed to evaluate the relationships betveen DNA  SSB
induction, clonogenic stem-cell survival, and loss of tissue
function in mouse tissues irradiated in vivo. Ve characterized
tvo compounds in detail--WR-2721 and VR-3689--for their effects
on DNA damage and clonogenic cell survival in bone marrov and
jejunum. The effects on clonogenic cell survival correlated
closely vith the effects of the drugs on the survival of the
animals. The results vith the DNA damage assay suggest an
important role for oxygen in mndifying the reiationships betveen
DNA-level effects and the biological effects of the radiation.
They also suggest that the development of sensitive assavs for
DSB  induction and repair in these tissues, perhaps_by an
extension of the neutral elution assay, vould be an important
step to  better understanding hov vell these in vitro
relationships can be extrapolated to the in vivo situation.
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FOREVORD

In conducting the research described in this report, the
investigator(s) adhered to the "Guide for the Care and Use of
Laboratory Animals,” prepared by the Committee on Care and Use of
Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Council (NIH Publication No. 86-23,
Revised 1985).

Citations of commercial organizations and trade names in
this report do not constitute an official Department of the Army
endorsement or approval ot the products or services of these
organizations. : '
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The studies performed under contract DAMD 17-86-C-6105 vere
designed to evaluate those factors that govern the radicprotec-
tive ability of various thiols and aminothiols. As vith any
long-ters study., severai of the specific aims evolved along vith
the project itself. The original proposal could be divided into
2 basic sections: (a) studies wvith cultured cells, and (b)
studies vith animal tissues. These tvo subsections wvill be
discussed in turn. At the end of this document, I vill try to
sumsarjze hov the in vitro data have been used t0 interpret the
more complex in vive c data.

A. STULIES UITB CULTURED CHO CELLS

The basic prenise here vas to collect and correlate data for
.2 series of structurally-related compounds vith respect to their
. relative effect on cell survival and on the induction and repair
of various types of DNA damage.

Al. Cell Survival

The ficst step in all of our studies vas to measure the
effect of the particular drug on cell survival using a :lonogenic
assay in vhich survival is defined as the ability of a cell to
proliferate indefinitely. This is an extremely reproducible
assay and can be used to optizize conditions vith respect to such
variables as drug dosage and timing. The drugs that ve evaluated
and their structures are shovn in Table I.

The general approach in evaluating any nev compound vas as
foliows:

i) First, ve Aetermined the effect of a 30 min pretreatment
vith various concentrations of each drug on the surviving
fracvion (5F) after a single dose (10 Gy) of v-rays. Results are
shovn {n Fig. 1A for the 5 drugs that vere studied. There vas
clearly a great ditference in the concentration of each’ drug
reguired to produce a given levei of protection.

ii) Based on these data, ve selected a concentration of each
drug that vould give a similar degree of protection but that vas
not toxic to the cells. A protection factor (PF) of betveen 2
and 2.5 vas deemed optimal: the concentrations chose~ vere & mM
VR-1065, 6 mM WR-255591, 6 mM VR-1511326, 10 eM cysteamine, and 25
mM dithiothreitol (DTT). The time course of protection by each
of these thiols vas then determined. None of the drugs had any
efficacy when ziven after irradiation. Tae time-dependence of
pretreatment is shovn in Fig. 1B. Clearly. the various thiols
varied greatly vith respect to the rate at vhich protection vas
achieved, vith DTT and cysteamine <¢iving maximal protection
“ithin minutes and the tvo more structurai.v complex aminothiols
being much slover.

iii) For the purpose of obtaining quantitative FF values,
compiete radiation dose-response cyrves vere determined for a 30-
6




ain pretreatment vith the above-wmentioned concentrations of mach
compound. The data for VR-1065 (1) and VR-255591 (2) have been
published in some detail. Fig. 2 shevs similar data for
cysteamine. Several gencralizations can be made on the tasis of
these data:

a) For each drug, the PF appeared to be independent of the
dose of radiation, i.e. the drugs vere radiation dose-modifying.
The survival curves for each drug vere rigorously analyzed using
either the iinear quadratic (LC) wodel or the multi-target (MT)
model. The parameters of these 2 modeis (LU: @ and 8; HMT: D,
D., n) all behaved in a dose-modifying way, as discussed in
ddtail for WR-1065 (1).

b) The PF for each . drug vas identical vhether the
irradiation vas given at 37°C or on ice.

A2. Single-sirand Break Induction =

The technology of choice here vas alkaline  elution (3)
because of its extreme sensitivity and because ve had already
demonstrated that the technique could be suitably adapted to
mpuse tissues (4,5). This latter factor vouid he important in
viev of our goal of extending these relationships to tiscues
irradiated in vivo (section B).

The various drugs vere evaluated in turn for their ability

to protect CHO cells from SSB induction under exactly the same

conditions that the above survival measurements vere made. Table
i1 compares the PF values for SSB induction (PF{SSB]) and cell
survival (PF[SF]) for each drug. The PF{SSB] . values vere
obtained from complete dose-response curves for SSB-induction as
published for both VR-1065 (1) and VR-255591 (2). It is readily
apparent that, for all 5 drugs. the PF[SS5B] vas much lover than .
the PF[SF], this being independent of the radiation dose used. -
In Table II. all of the measurements vere made on cells that vere

chilled on ice at the end of the thiol treatment, i.e., before

irradiation. Ve therefore examined vhat the situation vould be

in cells irradiated at 37°C in the presence of different

zoncentrations of each thiol. These data are illustrated in Fig.

3 for the three more complex aminothiols. It is apparent that,

vhile protection increased vith drug concentratinn, the PF{SSB)

was alvays lov relative to the PF[SF] under ail conditions..

In a publication 'submitted to a recent conference on
"Anticarcinogenesis and Radiation Protection” we plotted these
data in a different vay (6); the PF|{SSB] vas plotted versus the
corresponding PF{SF}. the variable being the concentration of the
thiol. These data are reproduced in Fig. 4 and confirm that, for
sach thiol., protection against €SB induction ., vas alvays
relatively  small althiugh different for different thiols.
Another informative vay of representing such data vas discussed
by Radfntd (7.8) vho suggested that a piot of -in(SF) versus SSB
freguency should be linear if these iesions correlate vith
survival; more important!y, the plots for irradiation vith or

b
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vithout various *hiols should fall along a commun line (i.e.,
have a common slope) if the modif{ication of SSBs and survival are
equivalent. Such a correlation vas not observed vhen ve analvzed
our data in this manner (data not shown), as vas also found for
cysteazine (7). This led Radford (7) to conclude that SSBs vere
not lethal lesions. although., as discussed belov, there are other
alternative explanations for this lack of correlation since SSB
measurements are extremely prone to artitactual sources of error!

Hovever, this form of data anal,sis. presentation is still
not optimal; a3 vili be discussed in section Al for the
double-strand break (DSB) induction data, this method can be made
even wmore poverful by using the replicate-plating dual-label
method (7,8) a.though the extent of the lack of correlation
betveen SF and SSB induction that ve observed vas so drasatic
that this is clearly not the explanation ‘or the present results
and con’.lusions.

QUESTION: Vhat are the possibie rezsone for the :relatively poor
protection against SSB induction. i.e.. whv is PF[SSB} << PF{SF|?
There are several possible explanations, vhich ve shall consider
in turn.

. It is possible that the concentration of drug oxidation
products - H.0, or 0, - may be enhanced in irradiated cells, and
these could”then dalage the DNA and iucrease the level of SSBs
selectively in the drug-treated <cells, thereby lowvering the
measured PF[SSB]. However, this possibility is unlikely based on
the fact that including catalase (to remove H,0.) and or desferal
(to remove iron) had little effect on rthe PF{§SB] value (1).

11) As discussed by Quintiliani (9) there is the possibility
that either thivl (RS®) or sulfur peroxvl (RS0.°) radicals may be
produced in irradiated, drug treated ceils. and these radicals
may then react! vith DNA to cause SSBs. As discussed above, this
vould have the effect of lovering *he PF{SSB|. This is a
reasonably likely event since RS® radicals are produced in
virtually all reactions of RSH vith radiation products, and these
radicais vill react rapidly vith 0. 1o produce RSO.® radicals.
The extent of the involvement o! these radicals cannot be
ascertained at present.

ii1) It is videly believed tha: DS3s correla‘e clnsely vith cell

-~ servival. Nonetheless, it has commoniy been assumed that, if

thiols protect cellis by scavenging OH®" radicals, by H-atom
donation, or by inducing anoxia, they vculd be effective
protertors against SS3 induction -- even :f SSBs vere nct iethal.
Howvever, in section A3 ve vill des-r.:be a siwple mo.iel based on
che Alper Hovard-Fianders fivdtion-repai: =ndel °*ha® w11l predict
chat if the FF|SF| and PF{DSB| va.uves ate ¢.= lar, as indeed ve
{ind, then the PF[SSB] should rthecrev'izai.v »e much .ieer than
e:ther the FF{SF] or PF|DSB|. as aga:in ve dc ‘.nd.




A3. Double-strand break induction

Our wseasuresents of DSB induction
earlier comment about the evolution of these
inftial studies ve found that, vhen ve
the neutral elution methodclogy originally
and Kohn (10), ve obtained a ..near

S
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illustra
used the mo

DSB-induztion

te well the
dies. In ocur
ditication of
d oy Bradley
yrve vhen wve

tul

i

used a pH of 7.0 for all eof the solutions, vhereas at pH 5.6 the
‘DSB-induction curves vere curvilinear. This suggested that the
pH 9.6 assay may still be detecting a large comjaonent of DSBs
arising from overlapping $5Bs and/cr base damago. | Measurements
of DSB rejoining appeared to substantiate this rguwent. Our
initial study vith WVR-10€5 {1) thetefore used only the pH 7 assay
even thrugh this wvas less sensitive and requiread the use of

suptalethal doses of radiation. From these linear

ve obtained a PFIDSB] of -1.65% faor 4mM VRS, why

to the PF|SF] than vas
appezred
cvysteamine

the PF{SSB}, but still

wodified survivael and pH 9.6 DSB
Ve therefore exarined a second drug, WR-I35391
this time ve used both the pH 7 and »pH %.v

neutral
&

S. At both pH's the PF{DSB} vas -~
idertical to, the PF[SF] value
concentration of 6 aM. For compicleness., wve
evajuated mM  VR-1065 using the pH ¢/6 as
essentially the same thing, as shown in Table II.
drugs. ve found that: .

1.8, i.e.,
of 2.3

%

PFISF) > PF[DSB, pH 7] - PF[DSB. pk 9.6] >

Indeed,

appeared 3

’e

to be substantiated (Table 1I

therefcre asked the question: why is the
PFISF]? There wvere several possibilities

we
:han the

i

The drugs could be affecting DSB repair,

not equal.
to contrast vith the data of Radfotd (7,.B) shoving thai
indugqtion equally.

vegsions of
elution technique and obtained the results
close to.
for this

vhen ve examined several other drugs. this

dose-responces
¢k vas tloser

This

t2). Hovever,
the
shovn in Fig.
but not
drug at a
wven! back and
say and found

Thus, for both

PFISSBY

general trend

PF{DSB] lover

presumably by

enhancing these proc2sses. Hovever, as discussed later in
section A.3, we ‘could find no evidence for any|l such e¢ffect,
_altliough there are some additionai questions (discussed later)

about the sign:ficance of such measuremen‘s.

iy

The drugs <could be affecting recoverv fr
iethal damage (PLDV. 1In faz:. based on our curre
arinothiois, there are several possible mechanisw
could be afferted. Most notabliv. Grdina and Nagy
<hart 4 =M VR-10€3 significantly  inhihited
pregression of V79 cells, and suggested tha*
ad tive for - recovery from PLD. OQur own
¢ PLD in racicprotection are <iscus
ithough our studies have shown  that
of che cells vith hypertoric sal.ine,
the influence some tvpes of 2

FLD on
d the PF[SF] for WH-1062 vo0 a vaiuve similar
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our subsequent studies (descrited belov) have led us to
re-evaluate the implication ot these observations.

iii) The lov sensitivity of the pH 7 reutral elution technique
neant that ve had started out bv using radiation doses much
higher than those used in the survival studies. 1. vas therefore
possible that the PF[DSB] wmav be dece-dependent. Hovever, at
first glance, this seemed unlikely since tpe pli 7 dote responses
vere linear vith or vithout the drug and vnuld have to behave
very strangely at lov radiariorn doses to give a greater PFIDSB].
Vhat cauced us to re-evaluate this conclusion vas a series of
debates at scientifi 2eetings abou! the relative merits of
various types of neutral elution assay. This led ['r. Jonn Ward
and his colieagues at the Universitv of Cal:fornia 2' San Diego
tn exawine the “"DNA™ eluting from the filter at pH 7 using
eleciton wicroscopy. Thev (personal comrunicaticn) found that
the DNA wvas not eluting independently of cellular proteins.
despite pre.icus claims that SDS nroteinase K effectively removed
crellular proteins under these conditions. The key facror here
appears to be the magnitude of deproteinization, and indeed, a
careful search of the literature reveaied that at pH ? proreinase
¥ has a much reduced actrivity (1.).

The dose-response curves for DSB :nduction at pH 9.6 vere
non-linear, hovever, so i1t vas more diificult to rule out the
possibility that the PF may increase in the jover-Jjose range. Ve
therefore adapted our pH 9.6 procedure again. *his *ime by using
a modified version of the assay described by Radford}‘(’.s\.
Briefly. 1in this assay. the cells are labeled vith C-TdR,
treated., irradiated, and trvpsinized. The doses used fo. control
cells are up to i Gv vhile the thiol-treated cells receive up to
30 Gy, as appropriate. The cells are then split into 2
fractiorns. One of these fractions is piated for cell survival
neasuremencs. The other fraction is admixed vith “H-TdR-labeled
internal re‘zrence tells that have received 30 Gv of v-rays con
ice. The relis are then eluted a4t pH 9.6 as usual. Triplicate
elution samples are run for eack uose poin:. The eluted DUA is
cgunted usinrg a dual-labe} prograe so that the elution of the
‘“r_labeled cells and the "K-labeled internal reference cells can
be plotted separateiy. The level of DSB induction is then
ralcuiated as described by viedek and Ritteiman (13). Because of
potential zomplications vitn dual-label counting ve, jigcrousiy
corpared the data vith data obtainad using onlv the ‘“c-laveied
ceils, i.e., without the "H-laveled internal reference cells. Ve
‘ound ‘ha° the resul's <ere identica. and >ust as reproducipile
using  ‘he sing e-.abel wethod, so 1t wzs adoped exc:usively for
the remaindger of ‘hese studies..

The pever of this "replicate plating” technique is derived
‘rom che fazt chat the .evel of DPSBe and survital are determinny
on exa.’'.v the «xame sampie of ceLl%. This enabies ‘the
ronstruction of what have -ome tc “e wviown as “lechal lesion
#ints" wher2 *he level ~f DSB indutt:ion {averaged among ‘the
*rip.icate sampies) for a1 given <avple of e .3 is piocted

t
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against the negative log (-1ln) of the SF measured from triplicate
sanples of these very same cells. Typical data obtained witl
this tecknique arz shovn for three groups of celis in Fig. 6:
(a) contrel cells receiving only v-ravs; (b) cells pretreated
vith 6 =i WR-255591; and (c) cells pretreated vith 10 aM
cysteamine. It is clear that, for ali thriee treatment groups,
the datx can be fitted by a common slope. The implication of
this observation is simple: the DSBs induced in all three groups
of celis have an equal "lethal efficiency”. This is equivalent
to the statement that, over the radiation dose range vhere cell
survival is measured, both VR-25559] and cysteamire protect
qualiy against DSB induction and cell killing. This statement
is obviously in conflict vith the results based or. our earlier
high-dose U[SB daia (Table 1I) and vith similar results obtained
by Sigdestad et al. (14), but are in complete agreement vith the
data of Radford (7.8) for K cysteamine vhich vere obtained using
the replicate plating method. Vhy this discrepancy?’ The ansver
could be one of tvo things. .

., a) It could be related :o the fact thzt, if the lethal
lesion plot wmethod is not used, one has to mathematically
calculate a PF[SF] value from a pair of survival curves and a
PF{DSB] value from a pair of DSB induction curves. This requires
some judgement and quickly becomes cosplicated if the survival or
DSB indurtion curves are not easy to describe mathematically or
if the treatment is NOT dose-modifying for either end-point. 1In
any case, there are a lot of potential sources of error in this
method. The involvment of this potential artifact can be gauged
‘by re-evaluating the Jov-dose data used fcr the lethai lesion
plots (Fig. 6) by the alternative method., as shovn in Fig. 7.
The degree of DSB induction as a function of radiation dose, vith
or vithout the 2 thiols. is shown in Fig. 7A, and indicate a
PF{DSB] of betveen 2.1 and 2.2 at all levels of effect. The
corresponding survival d&ta (Fig. 7B) gave a PF[SF] of again
betveen .1 and 2.2 at all levels of effect.

Clearly. there is a reasonably good agreement betveen the
PFs determined in this vay, suggesting that the calculation of PF
values per se is probably not the cause of the disparity found in
the earlier data (Table II). Furthermore. the PF method is a
useful approach in that some idea of the magnitude of protection
can be made: the lethal lesion plot. although greatlvy superior
for derermining the goodness of a correlation betveen tvo
end-points. tells us nothing about the magnitude of the effect of
a given drug. :

b. ' The lack of correlation in the earlier studies may be due to
either: . (i) a true dose-dependency of DSB protection, perhaps
reflecting a saturation of the ability of RSH to donate H-atoms
or electrons or .o scaverge OH® radicals at very high radiation
deses, or (.°) -«n "apparent” Jose dependency that may be related
to an incrse~sing contribution of SSBs or base damage (which are
both peooirl; protected against) to that damage assaved as DSBs at
.he higher radiation doses. tach of ‘hese ? effects are
: 11




extresely plausible, and in reality bith of these processes
probably contribute to the observed resuits.

In conclusion, it appears that vhen the truly appropriate
measurements are sade, there seems to be an excellent correlation
betveen trhe effects of aminothiols on cell survival and DSB
induction. At first, this sounds  appealing, and any
drug-scieening program vould have an obvious ad-antage in
incorporating such an assay. Hovever, in some respects, this
result is mechanistically surprising since the implication is
that D3B8 induction ALONE determines the survival level. and that
factors such as cell recovery, cell progression, etc., vhich have
been videly implicated as having an important role in deteraining
cell survival, smust have no effect in determining the subsequent
protection. These factors vill be discussed further in sections
A5 and 6. Be‘ore going on to a discussion of the effects of the
aminothiols or DNA repair processes, i1 viil briefly outline a
rather interesting aspect of thiol protection in general and then
indicate some rather unexpected i1aplications of this socel.

The "fixation-repair” (F-R) model of radiosensitization and
radioprotection--more specifically as it relates to oxygen and
‘thiol  compounds--vas formulated many vyears ago by Alper and
Hovard-Flanders (15). Although many pieces of evidence ere not "
fully explained by this model -- and indeed., many modifications
of the F-R hypothesis are to this day being formulated -- the
model in its =sost simple form has provided an extremely useful
general =model for discussing the O,-effect. As shovn in Fig. 8,
the basis of this hypothesis is thal peroxidative lesion fixation
(F) reactions:

+ DNAO*

DNA® . O + DNAO,H

2 2.

occur in competition vith chemical repair (R) reactions:
DNA® .+ RSH < DNAH + RS*

Reaction of DNA® vith O, vill enhance lethality, reaction
vith KSH vill decrease lethali:y. But vhat vill the outcome be
in terms of DNA lesions? If ve assume that (i) reaction vith all
lesions will occur. vith equal probability: and (ii) that DSBs
correlate 1 to 1 vith survival: then it 1s apparent that, for a
DSB.. a thiol will have tvo "opportunities™ to scevenge a DSB
(since repair of either potential strand break .in a CSB will
result in the disappearance of the DSB) wvhereas for an SSB there
will only be one such "fixation-repair™ opportunity. This vill
result in a distribution of products as shown in Fig. 8: not only
vill protection against SSB be =much less efficient than for DSBs.
but some percent of the potential DSBs vill actuallv be converted
to an SSB. Therefore, based on simpie  mechanistic
considerations, the observation ‘hat:

PF{SF} - PF{DSB] »> PF{SSB]




l#pcars 'to be reasonable, not forgetting that the PF[SSB} may be
further reduced as a result of breakage of the DNA by RS® or
RSOZ‘ radicals, as discussed earlier in secticn A2.

M. Single-strand break repair

, In our initial studies vith VR-1065 (1) and WVR-255591 (1) ve
performed detailed analyses on the effects of these 2 drugs on
the repair of vy-ray-induced 5SBs. Ve examined the effect of
pretreatment only, ' post-treatment only, and pre- plus
post-treatment, on SSB repair. Post-treatment vith either drug
appeared to-inhibit SSB repair: hovever, this “inhibition” could
be reversed by the addition of catalase (vhich removes H,0,) and
desfsral (vhich removes Fe), so this effect vas probably i fesult
of additional SSBs induced via OH-tradicals generated - from
"autoxidation of the drug as follovs:

ZSH + 0,, -+ RSSR « H.,0,
H,0, « F&° + OH" + OH*" . Fe
& &
the latter reaction being the vell-knovn Fenton reaction. Some
further aspects of these reactions as they relate to SSB
induction resulting from thiol autoxidation vere discussed in our
second Annual Report (16). Thus, post-irradiation incubation
vith aminothiols appears to have no "real® effect on SSB repair
per se. This conclusion is supported ‘'by the fact that
‘post-irradiation incubation vith either drug had NO effect on the -
survival of the cells.

On the other hand, in cells that vere treated vith either
WR-1065 or VR-255591 before irradiation. the subsequent rate of
SSB rejoining vas significantly slover regardless of the addition .
of agents to offset the effects of thiol oxidation. Such effects
have been reported by other vorkers for both cysteamine (17) and
VR-1065 (11) and have generally been interpreted as reflecting an
inhibition by the aminothiol of a DNA repair process. Hovever,
various lines of evidence have lead us to conclude that this
effect is perhaps not related to an “inhibition” of a DNA repair
process: (i) There vas no comparable effect on DSB repair (see
section A.3) for either drug. (ii) There vas no effect of a
post-irradiation treatment vith either WR-1065 or WR-255591 once
the effects of thiocl oxidation had been compensated for, as
discussed above. This should not have been expected if the drugs
inhibit, say. a repair enzyse, since in this protocol the thiol
is actually present during the repeir process.

Thus, ve are left vith the ~asnclusion that the present--and
perhaps also previously reported--effects of thiols on DNA repair
may be artvifactual in origin. The more significant effect of
pretreatment on SSB repair is again probably not the result cof an
effect on DNA repair systems; rather, ve believe tha® this effect
could reflect the differential protection by WR-1065/VR-25%591.-
cr indeed, any thiol--against different ‘tvpes of S5B. In ‘his
~ase, the drug vould have to protect differentially against the
precursor radicals that iead ‘o faster-repairing SSBs, so that
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those SSBs remaining wvould contain a preponderance of
slover-repairing types. A similar conclusion vas reached by van
der Schans et al. (18) for anoxic ceils treated vith cysteamine.

This conclusion is supported by wmany papers in the
literature vhich shov that thiols Jdifferentially donate H-atoms
or electrons to various types of base or sugar radicals (e.g..
19,20). Furthermore, it should be remembered that the S3Bs
measured by alkaline elution at pH 12.1 will contain a
significant contribution from alkali-labile base damage as vell
as from frank SSBs. Se¢veral reports have indicated that thiols
such as cysteamine protect <very poorly against bace dasage
(7.18,21) compared to frank SSBs. so there may vell be a greater
contribution from these (slover repairing?) lesions in
thiol-treated. irradiated cells. 1 vill return to this concept
later .in section A.6 as it relates to PLD r--overy.

AS5. Double-strand break repair ,

In viev of the videly proposed role for DSBs in determining
cell survival, their repair by DNA-repair systems should be an
important cellular event. Indeed, the level of ‘'DSB induction
should only correlate vith cell curvival vhen there is no etfect
of the aminothiol on DSB repair. Ve measured DSB repair after s
dose, of 100 Gy t(irradiation on ice folioved by repair at 37°C)
ard f{ound that neithér WR-1065 (1) nor WR-235391 (2) had any’
measurable effect on the rate of DSB repair regardless of vhether
. the drug vas present before and/or after irvadiatien. in our
studies of DSB induction at that time ve vere not finding a
one-to-one correlation betveen DSP induction and cell survival,
so ve had anticipated that the drugs say enhance DSB repair. 0f
ctourse. our subsequent finding that there vas indeed a close to
1-t0o-1 correlation betveen cell survival and DSB induction at
lover radiation doses (section A.}) sade this observation of "no
effect” on repair much mire reasonable.

incidentally, a recent paper by Radford (22) makes & very
interesting point that care should be exercised vhen interpreting
such DSB repair data since it appears that only a small fraction
of the genome (-I¥ - the genes?) s a "target” for cell
inactivation. Thus, measuring DSB repair in the vhole genose. as’
ve did here, would give no information on repair in the important
DNA sequences. :

in summary, ve see no ‘evidence to suggest that VR-1065 or
WP-o25559]1 exert any effect on DNA repair processes. other than
perhaps indirectly by altering the distribution of lesion types
on vhich the repair enzymes operate.

A6. Effect of thiols on PLD recovery.

“e originally hegan ‘o address the possible role of PLD
recovery in radioprotection because: (i) of our observation that
the PF|DSB| measured =2fter high doses -f v-ravs vas alvavs lover
than the PF|SF] (Table JI). Thus, the discrepancy betveen these
tvo numbers couid refiect enhanced cell reccvery processes. (ii)
of the reports by Grdina and Nagy .(11) that WR-1065 reversibly
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perturbed the progression of V-79 cells through their ccll cycle.
This, plus earlier reports of a similar effect vith cysteamine
(37)., lended support to the suggestion of Brovn (23) that
inkibition of cell progression/DNA replication by aminothiols
could allov additional time for the repair of potentially-lethal
lesions.

This latter point is important, and "greatly in{luenced the
design of the ‘experiments described belov. Many vorkers had
speculated that such an etfect could be related to the binding of
aminothiols to DNA, vith a tesulting stabilization of the DNA
structute (23).  Thus, the charge (2) of a thiol should be an
important variable in this respnect. Aminothiols such as WVR-1065,
vith Z « +2, should bind strongly to DNA and may thus be expected
to exert a strong effect on PLDR (see reference 16 and literature
tited therein). Thiols such as DTT, on the other hand, vith Z «
0, should have little effect if this mechanism is appropriate.

Thiol A
VR-1065 %]
VR-255591 *2
VR-151326 o2
cysteamsine <1 -
DTT 0
GSH -1

Ve attempted to ansver this question through a series of
relatively simple experiments. It is knowvn that treatment of
log-phase cultured cells wvith hypertonic (0.5 M) salt (HS) after
irradiation “"tixes®™ a sector of PLD in these cells and enhances
radiation lethality (24). Ve had recently used this technique to
assess the PLD repair capability of a series of X-ray-sensitive
CHO-cell mutants (25). Ve reasoned that, if PLD vas affected by
aminothiols, then treating vith HS should eliminate this effect
and thereby differentially sensitize untreated and drug-treated,
v-irradiated cells. In fact, ve anticipated that an HS treatmwent
that elixinated the PLD component could reduce the PF|SF],
perhaps even so that it vould equal the PF[DSB] value. Our first
experiments vere done vith WR-1065 (& aM), as showvn in Fig. 9.
Ve vere naturally intrigued vhen the HS treatment indeed appeared
to sensitize both the control and VR-1065-treated cells but to a
different extent. In fact, remarkably, the PF|SF] for
salt-treated cells vas ~1.6, i.e., very close to the PF{DS5].
Our original interpretation of these data (16) vas that they may
indeed represent a l-stage protection process, nanely a
protection against DSB induction folloved by a contribution from
enhanced 'PLD recovery. Ve speculateéd that the enkanced PLD
recovery could result from either: (a) effects on pH: (b) effects
on cell progression; or (c) the effects of the drug on the
spectrum of DNA lesions induced by v-ravs (1€). 7This latter
possibility wvas particularly intriguing in viev ¢f the ‘known
ability of thiol compounds to differentially repair (by H-atom or
electron donation) different tvpes of DNA radicals (19,20). of
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course, possibility (c) should be independent of the charge of a
thiol and should apply equally to, say, VR-1063 (Z « .2) and DIT
(Z =« 0).

Ve did not iemediately publish these data for several
reasons. Most importantly, wve still did not urderstand the
eechanisas of PLD fixation by HS and ve didn’t knov yvet vhat the
magnitude of the PF[DSB] vould be at lov doses of v-ravs (sectinn
A.d). The initial HS data wvith VR-1065 verc intriguing enough
that ve continued vith both lines of investigation for several
months. As discussed in section A.l, it turned out that the
modification of DSB induction did appear to correlate vith cell
killing at the lover doses, suggesting that the discrepancy
betveen the PFISF] and PF[DSB] values vere not due to a TLD
component but rather vere due to a dcse-dependence of the
PF|DSB]}. Nonetheless, ve had consistently seen a differential
sensitization of VR-1065-treated cells by HS, suggesting that the
relatinnship betveen DSBs and survival could indeed be
manipulated by PLD modifiers, although this nov appeared to vork
in the opposite sense to our original expectation. i.e., HS
dissociated the rclationship betveen DSBs and survival in the
lov-dose range.

Ve therefore decided to examine some additional thiols to
determine the generaiity of this effect. To assess the effect of
tl .0l charge on this process ve selected VR-1065 (Z =« +2). .
cysteamine (2 = «1), and DTT (Z = 0). The results are summarized .-
ir. Fig. 10 vhere the PF[SF] is plotted as a function of radiation
dose for all 3 thiols, both vithout and vith post irradiation
treatment wvith HS. All 3 drugs vere afiected to essentially the
same degree by the HS treatment, there being an approx. 40Z
decrease ' in the PF{SF] as a result of the HS treatment at all
radiation doses. Thus, wve can conclude that tuis effect is
independent of the charge on the thiol and is also a general
phenomenon for a number of structurally unrelated thiols, ’

Our interes® in PLD has also led us into an interesting area
of research that has generated some revealing data. It is vell
established that the induction of ch.romosomal aberrations
correlates vell vith both DSB induction and cell survival.
Chromosomne-level end-points had he attraction to us that they
allov for repair and recovery processes to occur before damage is
assessed, and may therefore be a good end point for assessing the
effects of drugs such as the axinothiols which say affect these
iatter processes. The zmicronucleus (MN) assay is particularly
convenient for measuring the formation of acentric chromosome
fragments: hovever, it is difficult *o apply this assay to agents
vhich perturb cell progression, such as the aminothiols. It vas
therefore orovidential that Dr. ¥iiliam Brock in our department
had been developing an adaptation of the MN assay vhich could
circumvent this complication bv using the agent cvtochalasin, a
drug vhich inhibits cell division but not nuclear division.
Thus. it is possible to score MN induction selectively in
binucieated cells that have only undergone one mitotic division.
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Preliminary data vere obtained vith cysteamine and
" VR-255591; dose-response curves for MN induction in CHO cells
‘with or vithout 6 =M UR-/'55591 or 10 mM cysteamine (Fig. 11)
indicated that these drugs protected significantly against NN
induction, although the PF{MN] for -255591 appeared to be
somevhat less than that for survival (2.1) reported in our
earlier paper (2). Based on cur experience vith the DSB
induction data (section A.}), ve noted that the MN data c-uld
only be measured at LOVER doses of radiation than the suivival
measurezents had used. Tt vas therefore possible either that (i)
the PF[SF] would be lcver at lover radiation doses, or (ii) the
batch of WVR-155391 used in the MN assay may have been less
efficacious - than the earlier batch used for the survival
reasurements. Ve therefore :ie-examined the protection of CiHo
cells by VR-255391 and cysteamine at lover v-ray doses, as s'wovn
in Fig. 12, and found that the PF vas indeed lover than the old
number. . In fact, vhen ve construct a "pseudo” lethal lesion plot
analogous to that used wvith the DSB induction data (Fig. 13) °
there is a very good agreement petveen - the lethal efficiency of
MN vith or without the drug, i.e., the drug modifies survival and
_MN  induction in a similar proportion. These data therefore
support . the conclusions based on the lov-dose DSB data (Fig. 6),
‘and confirm that DSBs and MN are also modified in a similar
" ratio. 1 used the vord "pseudo” above since in a true lethal
lesion plot the DSB and survival data are performed on replicate
sets of cells. Vith the MN assay the cells are treated vith
cytochalasin just prior to irradiation so survival cannot be
determined on a replicate population.

. As discussed above, effects on cell progression have
frequently been implicated as a contributory effect to PLD
recovery and radioprotection. although bearing in mind the close
correlation betveen survival and DSB induction (section A3), this
" contribution 3ay in fact be minimal. As an associated project ve
“have used flov-cytometry to examine the effects of several

thiols--VR-1065 (Z = +2), VR-255591 (Z = +2)., cysteamine (Z = 1)
and DTT (Z = C)--on CHO-cell progression. Not all of these data
have been analyzed and compiled as yet; hovever,.it does appear

that sometimes a small effect of the aminothiols could be

detected, and sometimes their is no effect -at ali. Bearing in.
zind the lov variance in measurements of cell siurvival, any

effect for vhich the experimantal variance of the technique

itself is lov <‘e.g.. flov cytometry) should shov a similar

intraexperimentai variation as does survival if the 2 effects are
- correiated. . This does not appear to be the cate f,r cell-cycle.
perturbation, suggesting that such perturbation say be cell-line
dependent 11.26) and therefore not a general component of

protecti~n. '

* A7. Associated studies. : .
Several additional. peripheral studies wvere performed during
the course of this contract. These studies--notably the effect
¢t GSH and polyamine denletion on protection ULy thiols and an
1?7




exasination of DNA damage resulting fro= thiol oxidation
products--vere discussed at length in our Annual Report 82 (16),
and little further wvork vas petformed since that time. The
polvamine and glutathione data vere presented by wy cclleague
Ariela Prager at the Radiation Reseat h meeting in April 1988.

© Our data shoving the effect of WVR-255391 on «2 MeV fast

neutron-induced <cell killing and SSB DSB :induction discussed at
length in the Annual report 87 (16) have nov bheen viitten up and
accepted for publication (27).

AB. Sumsary and conclusions from in vitro data.

The real purpose of these in vitro studies vas to establish
the relationships betveen the modification of proliferative cell
death and DNA damage and 1tepair processes in a 1elatively
vell-defined syciems vhere wve could contiol ali ~variables,
ultimately vith a viev te 'using these data to elucidate the
importance of these various processes in radioprotection in vive.
DA SSB induction has long been knovn to correlate poorly vith
cell killing., Ve vere nonetheless surprised by the extent to
vhich these various thiols failed to modify SSB inducticn cince
our. original expectatiun vas that, even if SS5Bs vere not lethal,
2.l of the major processes that are believed to contribute to
protection of the DNA--OH®-radical scavenging. repair of DNA®
‘radicals by H-atom or electron donation, or indeed
O.-depietion--should alil protect the DNA from SSB induction to an
eXtent that may even be expected to be greater than the PF{SF]
value. Clearly this vas not so, and a vide variety of thiols
gave a simiiar lov PF{SSB]. Ve believe that this can probably be
explained in terms of artifactual DNA breakage from radiolytic
products in irradiated, thiol-treated cells, from base dasage
(vhich has an intrinsically 1lov PF) contributing to the
measurement of SSBs, and from a sisple radiobiclogical
consideration of the fixarion repair sodel (Fig. B), as discussed
in section Al.

Vith respect to SSB repair (section Aé4) the above caveats
really cause us to question the degree of inference that should
be drawn from such measurements. The post-irradiation effects
are massively complicated by the possibility of post-irradiation
DNA-damaging events, vhile ‘the measurement of repair after
pretreatment may reflect tne fact that thiols are differentially
protecting against various types of base or sugyr damage. ‘his
perhaps leads to a simpler conceptualization of the
“heterogeneous™ nature of the PF{SSB}] vhich represents an average
for various tvpes of damage (H-atom abstracted sugar radicals and
bases) that may be extremely wvell protected against. and other
tvpes of radical (e.g.., resonant guanv! radicals or forms of
alikali-labile base damage not giving rise ‘¢ frank S$SSBs) that are
only poorly protected against.

We appear tc have rurned full circie in our consideration of
the DSB induction data as better =methods have been developed for
their detection. The method described o+ Radford (7.8) is
extremely poverful in many wvavs. and a comparison of the high

.8




versus lev-dose DSB induction data have lead to a much better
understanding of ihe reasurement and significance of these
lesions. Clearly, the messuiement of DSBs in stem cells in vivo
is a major direction for future consideration. Indeed, ve vere
veginning to address this question at the termination of this
contract and vill be glad to keep the appiopriate oifice of the
U.S. Army notified of any develc-nments 1f this sherid be of use
in their f{uture r~search prograss.

Ve are ieft vith an intriguing paradox. The modification of
cell survival and both DSB and %N induction appear to correlate

fairly vell vith each other. Hove .., postirradiation treatment
vith HS dissociates these . end-points., suggesting that the’

magnitude of PLD recovery is different in control and
thicl-treated cells. Indeed. there 15 much circumstantial
evidence to suggest that this should be so! 0f course, if DSB
induction correlates vith survival, then there should be no
. differential effect on repair or recovery processes!




B. IN VIVO STUDIES .

A major goal of this research has been to examine the extent
to vhich the relationship: determined in in vitro cell culture
systems can be extrapolated to describe the behavior of tissues
irradiated in vivo vhen animals are treated vith various
radioprotective arinothiols or their  phosphate-blocked
derivatives. The tirst objective here vas to establich suitahle
assay systems for the various tissues of intersst--iejunum, bone
marrow, and biain. Our earliest studies in this area had
resulted in the development of a variation of ihe alkaline
elution assay vhich enabled us to examine DNA SSB induction and
repait in these tissues (4). Hovever. this assav. vhich used the

. fluorescent dye Hoechst 33258 to assay the eluted DNA (28).

characterized the collective response of all of the cells vithin
the tissue. Ve reascned that an assav that vas going to be of
any value in describing the biological response of a tissue vould
have to tell us something about the response of tnat small
subpopulation of radiosensitive target cells in the tissue. As a
first approach to tgis goal ve devised an assayv vhere the animals
vere labeled vith "H-TdR 6 hr prior 1o irradiation so that ve
could selectively examine SSB induction and repair in the
proliferating cells of the mouse bone marrov and :ejunum; this
assay wvas rigorous.y characterized and the results published in a
detailed manuscript (%). ‘ C

Bl. Studies of the effects of VWVR-1065 and WR-2721 on the

radiosensitivity of the mouse jejunus.

Our next study involved the wuse of this assay to
characterize the effects of WVR-2721 and its free thiol. WR-1065,
on 55B induction and repair in the smouse jejunum. Again., these
studies vere reported in an in-depth publication (29). To
briefly summarize these s:udies, ve found that both VR-1065 and
VR-2721 gave marked protection to this tissue in a biological
assay for stem-cell survival, viz, the cryp' =cicrocolony assay
devised by Vithers and Elkind (30). Rather surprisingly. under
these same conditions ve found that neither VR-277]1 nor WR-1065
gave much protection against 5SB induc:ion.

Ve therefore examined the effect of these 2 drugs on SSB
rejoining and, again rather surprisingly. found that both drugs
markedly inhibited the rejoining of 55Bs by the proliferating
cells of the jejunal crypts. There are several possible
explanations for this observation:

(a) WR-1065"2721 could directly inhihit those enzymatic pathvays
responsible for the repair of SSBs.

. (b) the effect could be anaiogous to that observed for WR-1065

(1) and WVR-255591 (2) in ‘cultured CHO 'cells that vere
pre-treated vith the aminothiol and vhizh ve attributed to a
change in the proportions of different types of lesions
induced in the presence or absence cf the drug.  Hovever,
since there wvas no change in the  ievel of SSB induction in
vivo. this is uniikely. -
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(c) it could be analogous to the slover SSB-repair observed in
CHO cells if catalase and desferal vere not included in the
protocol, i.e., due to thiol oxidation products.

(d) RS®* and RS0,® radicals could be generated in irradiated
thiol-treated tissues, as discussed for CHO cells in sectjon
A2. These radicals could than pioduce additional DNA SSBs.

{e) WVR-I7I1 i< knovn to produce a hvpothermic effect, and ‘he
decrease in body temperature -ould result in a decreased
rate of SSB repair.

The ansver is probably a combination of factors c-e, and is
uniikely o 1iepresent a true inhibition c¢f the SSB repair
processer«. These data--and particularly comments b and c¢--do
iliustrate some of the difficulties of vorking wvith in «ivo
svstems, and emphas.ze one of the original provisions of the
studies that wvere performed under this contract, viz., the
importance of the wmechanistic studies in cell cuiture, “here
conditions can be carefully controlled (in this rase temperature,
H.0,/Fe Jevels. etc.). in wultimately interpreting the more
attéfact-prone in vivo data.

B2. VR-3689 as a protector of the mouse jejunus.

It vas apparent trom this study wvith WR-2:/21 in the mouse:
jeiunus that the relationships in cultured celis could not be
readily extrapolated to the in vivo situation. Ve therefore
examined a second drug, VR-3689, the N-methylated derivative of
WR-1721, vhose free-thiol is the compound VR-25559) described in
our in vitro studies (2). The results of these studies vere
vritten up and submitted to the British Journal of Cancer (31):
this ®=anuscript vas revieved and revised. and is avaiting final
decision. The material in thiz study (31) vas expanded somevhat
relative to the earlier VR-2721 pap:r (1%9). The reason for this
~was basically that ve felt that, ii. the relationships that ve
determined froe cell culture ' vere going to be directly
extrapolable to tissues, then the same biological end-point--the
loss of proliferative capacity of the cells--must be used in both
tituations. The real biological end-point of relevance in these
studies--lethality or loss of tissue function--must therefore be
shovn to be related to the loss of proliferative capacity of the
stem-cell population. ¥hile there is a reasonahle asount of
evidence in the - literature suggesting that functional assays
(LD50/7) and clonogenic assays (crypt microcolony assay) for

"jejunal stem cell survival correlate vell for radiation alone
(e.g.. 32) and for VR-2771 (e.g.. 33), the agreemsent for VP-272
is far from perfect, and Hanson (33) shoved that for prostaglan-
din E.. a non-thiol radioprotectior, the relationship could be
comple*ely dissociated. Ve therefore felt that it vas important
to determine hov closely the modification of gut LD50 and
trypt-cell survival by WR-3689 vas correlated. The results (Fig.
14) suggest that, at least wvhen LD3D at 10 or 11 davs after
vhole-abdomen irradiation vas compared vith the radiation dose
required o reduce crypt-cell survival to 50-5 crypts per
circumference, there wvas a good agreerment, although other
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end-points. such as the Yn of the survival cuives, did not
correlate so vell.

Vhen ve wused the alkaline elution assav to exazine ‘the
influence of VR-368%9 on SSB induction in the shuse jejunue ve
found essentiailv no effect, as shown in Fig. le. although the
nov general i1mpairment of SS] reinining -afc  obcerved (16, '1),
The possible reasons for thie eftect v1li he discussed in cection
Ba, but first I will discuss our tesuils vith souse bone martov,
since these conclusions froe studies vith different tissues are
intimately related. '

Bl. VR-272] as a protector of bone marrov.

A preiiminaty account of these data vas piesented at the
recent 4ath International Congress on PRadio-Oncology in Vienna
{September-Gctober, 1988) and published in the proceedings of
that symposium (34). Brieflv., ve vanted to exarine bone marrow
because ve fel! that a key to understanding the effects of these
drugs in vivo may be the level of tissue oxvgenation. Based on
our previous experiences (33) ve anticipated that bone marrov
stem' cells may behave as though they vere better oxvgenated than
those of the jejunum. The results that wve obtained (Fig. 15)
vere jntriguing insofar as there vas nov clearly a significant
protection of this tissue by up to 400 mgikg i.p. of WR-2721 vith
respect to S5B induction, although as shovn in Table II1 the
correlation betveen the effect on SSB induction and clonogenic
(spleen-colony) or functional (LD50/30) assays fo: bone-marrov
stee-cell survival vas not of a one-to-one nature. The stes-cell
survival data vere obtained by my colleague Dr. Elizabeth Travis
vith wvhom I have collaborated on many aspects of this program
(36).

B4. Summary and conclusions from the in vivo studies.

First, 1 vou.id like to consider :he in vivo PF[SSB] data in
relation to the in vitro data, as shovn in Table III. The lov
PF[SSB] values vere not anticipated at the cutset of these
studies, and at first ve thought tha: there must be some very odd
radiobiological differences betveen cultured cells and
tissues--for eoxample, differences in oxvgen levels coupled vith
the fact that the k-curves for SSB induction and cell survival
may not be coinciden?, as discussed elsevhere (16.29). The
possibility was that ve may be dealing vith intermediare levels
of oxvgenation in tissues vhere the relative position of the
k-curves may be such that altering the RSH concentration couid
rarkedly change cell survival and vet have little or no effect on
SSB induction (29). This still didn't seem very likely.
Hovever, once we had accumulated data vith CHO -ells for S
" different thiols (section Al}--VR 1062, WR-25%501., WR-151326.
‘cysteamine and DTT--ve ‘found that the same situation, i.e.,
PF{SSB)<<PF|SF}. existed vnder these conditions too. Thus, this
situation appears to be a predictable one rather rthan being an
artifact or tissue-specific phenomenon. and possible :eacons vere
discussed in sections Al and Bl.




C.: Specific recommendations.

1 believe that the studies described in this report are
giving a very strong message vith respect to the design of future
studies. Vhat is clearly needed are assays for DSB induction or
chromosomal aberrations in vivo. The develcpment of these assavs
should bear 2 important criteria in rind:

a. Sensitivity: The studies vith CHO cells ~utlined in sections
Al and a6 stiongly indicate the importance of measuring DSBs
or chromosome aberrations over the same radiation dose range
over vhich the biological end-points are being wmeasured.
These measurements chouid ideally be made on the came
populatinn  of cells. There is no justification for
extrapolating PF values among studies vhich use significanily
different ranges of radiation dosers. ‘

b. §25£3£ici!l: ~ These assays mus? uitirately be capable of
identifving DNA damage and sur-ival in the releveint cell
populations of the tissue. In the case ¢f bone maitov and
jejunur, this objective would be simplified because of the
generally accepted identity of ‘:he radiosensitive target
cells as the stem-cell population. For late-responding
vissues this issue is much less straightforvard, vith there
being a lack of a defined stem-cell populztion and . the
possibility of boith parenchvmal and stromal/vascular
cosponents. Bone marrov probabtly represents the =most
suitable tissue to begin such studies for several reasons:

(i) it is amenable to study by filter elution sethods vhich
vill be particularly useful if the neutral elution
methodology--vhich is currently the most sensitive assay
for DSBs--can be extended :0 tissues.

(ii) it is easily dissociable into a singie-cell suspension. an
important prerequisite for future studies wusing flow
cytometric methods. )

(iii) several convenient assavs for the survival of different

" stem-cell populations in vivo are available (e.g.. the
various spieen colcny assays).

(iv) the technology in terms of using cell-tvpe specific surface
markers and fluorescen: monocional antibodies to these
antigens is already at an advanced stage of development and
is already being used 'with flov-cytometric methods.
Similar (echnologies are becoming available for the ‘CNS
through the efforts of our colilaborater., Dr. Albert van der
Yogel, in the Netherlands.

Such nev ‘technologies must surely be the key to really
understanding the effects of radiomodifving agents on tissues at

the level of relevant arget popuiations. 0f the wvarious
sarameters identified to cdate, in'racellular oxvgen concentration
appears to be a major facvor in radioprotection and in

determining the relationships betveen DNA damage and cejl
rililing. Such tudies vili be best approached threough “he
initiai use of in vitro svstems vheve he drug and ovvgen
concentrations can be . carefully regulated, as outlined in myv




Annual Report #2 (16). This inforeation may ultimately be useful
for understanding the behavior of animal tissues 1rradiated 1in
situ, :

Firallv, <some attempt <chould be =ade 1o deterrine the
intraceliviar  forms of the drugs tha® ate :esponciple for these
vartinue  edfercc, ALl of nur pre-ynve crudiec nate involved
endpeinte  ruih as ceil survival o DNA Lesinng, a.though exactlv
vhat forr(s) cf the drugs #:e 1esponsibie for these ettec:s has
not ve: been deterzined. HPLC vould be the methode.ogy of choice
to identify intraceiiular forms of the ~aricus drugs.




D. EXPERIMENTAL PROCEDURES _
For a detaiied description of the methedologies used in this
contract, please see our previous Annual Reports (16,36).

D1. Cell Culture Methods

CHO cells are rmaintained and treated in evponentially
gioving monolaver culture at 37°C in a huridified -tV O, . 9%Y
air atmosphere in McCoy’'s %A medium (Hsu's modififation)
supjliemented wvith 15% fetal bovine serum. For’ ibe DNA darmage
studies cells are labeled for J4-36 h with 2-""C-TdR (0.0l
uCi 'ml; 50 mCi mmel) folloved by a 6-n incubation vith label-free
medium to chase the iabel into high moiecuiar veight DRa.

D2. <Cell Survival

Cell survival is determined using a clonogenic ascav.
surviving -ells being assaved by their abilitvy ‘to preduce
colonies of SO cells or more. '

D3. Mice . '

C.H mice are maintained in 'a specific-pathogen-free breeding
colony. Mice of betveen 12 and 16 veeks of age and veighing
approximately 30 g are used for all s!udiss. For the DNA SSB
measurments, =ice are injected i.p. vith "H-TdR -6 h prior to
irradiation. . The radioprotective agent is administered i.p. at
various times relative to the irradiation. Animals are
sacrificed by <cervical dislocation at various times after
irradiation, and the tissues are removed and immersed in ice-cold
PBS containing 5 oM EDTA to inhibit any SSB repair. Suspensions
of jejunal epithelial cells and of femoral bone marrov cells are

~obtained as described previously (16).

D4é. Alkaline Elution In Vitro ,

SSESXGin CHO cells are measured using alkaline elution (1).
8 x 107 ""C-labeled cells are layered ontu 25-mm diameter. 2-um
polycarbonate (PC) filters and 1lvsed vith 0 al of SDS lysis
solution containing proteinase K. The DNA is subsequently eluted
in the dark vith tetrapropviasmonium hydroxide (TPAH) containing
0.02 M EDTA (free acid), pR 12.1, at a flov rate of 0.04 =l /min.
Fractions are collected every 90 ain for 15 h. Any DNA retained
on the filter or remaining in the filter holder or barrel at the
end of the elution time is recovered as described (16). The
amount of DNA in each sample is assayed by liquid scintillation
counting. ’

D5. Neutral elution .

in the initial phases of this contract DNA DSBs vere
measured using the conventional neutral elution method which uses
a pHof 9.6 (10) or vith a =odification of - that technique in
vhich a pH of 7.0 is used for the eluting buffer and for all
other solutions (1). This assay required the use nf supraiechai
doses of radiation (25-100 Gv). “in the late phases. of the
project the high-sensitivity assav described bv Radford (7.8) vas
used exclusivelw. In this assav, ‘“c.labeled celis wvere
irradiated (control cells with up ‘o 10 Gy: drug-treated celils

~g
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vith up to 30 Ay) and then split inte tvo fractions. Fraction
vas plated tor cell survival; fraction 2 vas analvzed by neutral
elution for DSB levels, triplicate samples being run for each
sample. :

'‘D6. Alkaline elution in vive

The aiba.ine eiut.on ‘echricue has been adapted fou
measuring SSBs in beth the 1total and preliferating rell
populations of the mouse jejunal epitheiiums and bone sartov aftrev
frradiation of the tissues in vivo (5). 5 x 197 cells ate
lavered onto a « -mm diameter, O .R-um pore PC filter ‘and lysed
vith a solution ' containing either Satkesyl o1 SDS  and
proteinase-F. The DNA is eluted in the dark with .1 M TPAH
containing .0 M H EDTA, pH il... 3t a fiov tate of . ‘e ml min.
ANy  DNA retained on the {ilter at *he end of the elu*inn time is
recovered (ls) and the DNA conrentration in each saupie is
assayed either flucrometrically using Hoechst 313258 (3%) or by
liquid scintillation -ounting. The data obtained using the
radioactivity assav characterize DNA-damage in the pioliferating
cells vhile the data obtained using the fluorometric assay
‘measure S5Bs in all of the cells in that sample of ‘issue.

D?7. Calculation of strand-scission factors , .
The reiative number of strand breaxs s deterained by the
eguation: SSF = -log(f _/f ), vhere { and f_ are, respectively,
. the proportion oanNA-refaiged on the ?iltex ‘ox the unirradiated
control " and for the irradiated sample. For SSBs. an eluted
volume of 21 ml iy used for the calculation. For the high-dose
OSB  assay a larger volume of 31.5 s1 is used in order to reduce
the effect of analyzing profiles in the transition region betveen
first-order elution and the subsequenti slover elution. Hovever.
in the later iov-dose DSB assay ve reverted to using a volume of
21 ml.

D8. Radioprotertive jrugs and radiatiou treatments

For the in vitro studies, drugs are dissolved in grovth
redium immediate.y prior to use and steriiiasd by filtration.
For the in vivo studics,.the drugs are dissolved in pnyeiological
saline in-eoiatelylgsior to injection i.p. All irradiations are
performed using a Cs-irradiator vith a dose rate of 5 Gy/=in.

D9. Gut microcolony assay .

The principies ot this assay have been discussed in detai
(30). Jejunal <cross-sections are prepared for histological
examination 3.5 days after irradiation. The number of regenerat-
ing crypts are estimated by microscope, and converted to the
number of surviving cells by applving a Poisson distribution
correction finction.

D10. Spleen-colony assay

The spleen-colony assay (37) vas used ‘o examine the effec:s
of radiation on the survival of tone-mariow stem -eils. Mice
vere irradiated vith graded doses of rad:ation and 8 days later
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their spleens vere removed and fixed in Bouin's solution. The
nusber of gross surface spleen colonies vere then counted.

D11. Animal survival assays

The assavs for animal survival after doses that lead to
death from either gastrointestinal damage (LD50/7 after
vhole-abdomen irradiation) or bone marrev depletion (LD30 1N
after vhole-body irradiation) vere described in detai}] eisevhere
(3. . ' :
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FIGURE 1: (A) Effect of varying concentrations of either

VR-1065 (@), VR-255591 (). VR-3689 (W), .DTT (O)
or cysteamine (@) on the survival of CHO cells
"irradiated vith 10 Gy olf v-rays.

(B) Effect of varying lengths of exposure to these
same thiols on radioprotection after 10 Gy of y-rays.
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FIGURE 7:
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Effect of 6 mM WR-255591 (@) and 4 mM WR-1065
(@) on (A) the vield of v-ray-induced DNA
double-strand breaks at lov doses, and (B) on cell
survival. In both cases the open circles ()
represent control cells (no drug).
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FIGURE 8:

a. Double-strand break
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Idealized application of the tixation (F)-repair (R)
model to protection against single- and
double-stranded DNA break precursors by thiols.
F-processes result from reaction vith 0., the fixed
- damage being represented bv the solid circle ( ).
R-processes result from reaction vith the thiol.
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FIGURE 9: Effect of immediate post-irradiation treatment
vith hypertonic salt on the survival of log-
phase CBO cells. Open sumbols are for normal .plating
conditions. Solid symbols are for cells treated vith
0.5 M salt for 20 min immediately after irradiation.
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FIGURE 10: Protection factors for CHO cells treated vith either
DTT (0@, cysteamine C@. or VR-1065 (CD, as a
function of radiation dose. PFs are shovn for cells
either vith (solid symbols) or vithout (open symbols)

immediate post-irradiation treatment vith hvpertonxc
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FIGURE 11: Dose response curves for micronucleus induction in
' CHO cells (D) or folloving -~ a 30-min
pretreatment vith either 6 mM VR-255591 (@) or 10 mM
cysteamine () prior to vy-irradiation.
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FIGURE 15: Effect of WVR-2721 on the initial yield of
vy-ray-induced DNA single-strand breaks in vhole
souse bone marrov and in the proliferating tone
marrov cells. '




Table I: Sct:uctures of the Compounds lUsed in this Seude,

SIS A CH_UMHEY ) NHCH,CH, SH
VB 6o . TH NHOCKT) NHCROCHO SPo
WR. 1S H.r.'u'ﬁ:);NHCBZCHZSH Tt
WR-2721 : ‘ H:r;(cn:r,nncnzcnzsrn H.
Cvsteamine ‘ * HNHCHZCHZSH “
(VR-347) ‘

VR-151326 CH,NH(CH, ) ,NBCR,CB,CH, SH
VR-151327 cn3m(ca;)3m2cazcuzsm}n2

DTT ‘ HSCH,CH(OH)CH(OH)CH,SH




Table II: Protection Factors for Cell Survival and for DNA
Single- and Double-Strand Break inducticn in CHO Cells Pretreated
vith Various Thiois fer S0 omin at oot

Drug - PF|SF] PF[S5E] PFIDSB] (pH)

w =M VR Y S R 1.0 1.62 7
: : (’. v

n M VR-25%301 2.3 1.03 1.8 (7)
‘ 1.70 (9.6)

6 mM VR-151326 2.6-2.9 1.68 “3.0  (7)
' 2.1 (2.6)

10 m™ Cysteamine 2.8-3.1 1.82 2.5 (7))
\ : - 2.0 (9.6)

25 aM DTT , 2.3 '1.68 1.8 (7)
: . Co 1.65 (9.6)
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,UR-2721 Bone

Table 111: Relationship Betveen PF[SF)] and PF[SSB] for CHO Cells
and fer Mouse Tissues.

Diug System PFISF)® TFISSE] Fef.
VR-1065 CHO 2.0 1.27 . n.os? 1
vB.otsta) CHO s Voo o et :
VR-1065 Jejunum .0 (200)  1.13 . 008 (i) 20

. 4 . r»_ls»’ (W) 29
VR-2721 Jejunue 1.8 (400) 1.04 + 0.07¢ (400) 29
VP- 1689 Jejunem 1.5 (&D0) 1.0 (un0) "

1.65 (80C) 1.0 (8BW)

1.5 (400) 1.6 (400) 3a. 16
Marrov -2. )

l'I’YFISSBls vere obtained using the JH-TdR assay vhere the cells
vere lysed vith SDS rather than “..xosyl for approp.iate

‘comparison vitl, the CHO-cell da:a. *used Sarkosyl.

tAll PF[SF} values are for clonogenic survival end points

(¥l
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